ABSTRACT The large serine recombinases (LSRs) are a family of enzymes, encoded in temperate phage genomes or on mobile elements, that precisely cut and recombine DNA in a highly controllable and predictable way. In phage integration, the LSRs act at specific sites, the attP site in the phage and the attB site in the host chromosome, where cleavage and strand exchange leads to the integrated prophage flanked by the recombinant sites attL and attR. The prophage can excise by recombination between attL and attR but this requires a phage-encoded accessory protein, the recombination directionality factor (RDF). Although the LSRs can bind specifically to all the recombination sites, only specific integrase-bound sites can pair in a synaptic complex prior to strand exchange. Recent structural information has led to a breakthrough in our understanding of the mechanism of the LSRs, notably how the LSRs bind to their substrates and how LSRs display this site-selectivity. We also understand that the RDFs exercise control over the LSRs by protein-protein interactions. Other recent work with the LSRs have contributed to our understanding of how all serine recombinases undergo strand exchange subunit rotation, facilitated by surfaces that resemble a molecular bearing.
INTRODUCTION
Conservative site-specific recombination systems are ubiquitous in bacteria, where they play important roles in the horizontal transfer of genetic information, genome stability, and the control of gene expression. The outcomes of site-specific recombination are DNA integration, DNA excision (sometimes referred to as resolution), and DNA inversion. The systems comprise a recombinase, the sequence specific DNA substrates, and any accessory factors that are required for control. There are two evolutionarily and mechanistically different families of site-specific recombinases, the tyrosine and serine recombinases (1) . All types of recombination outcomes are mediated by recombinases from both families. In the serine recombinase family there is a clear division between the resolvase/invertases and the enzymes that mediate integration/excision. The resolvase/invertases are approximately 180 to 200 amino acid proteins and are increasingly referred to as the small serine recombinases. The (pro)phage-encoded serine integrases, the transposases, such as those from clostridial ICE elements, Tn4451 and Tn5397, and the recombinases from the staphylococcal cassette chromosomes (SCC) elements are between 400 and 700 amino acids and are collectively known as the large serine recombinases (LSRs) (2) . The first LSRs to be studied in in vitro recombination systems were the integrases from the Streptomyces phage, φC31 (3) and mycobacteriophage Bxb1 (4) . Understanding the mechanism of the LSRs, however, was greatly hindered by the lack of structural information. In a breakthrough paper, Rutherford et al. published the structure of the large C-terminal domain (CTD) of a serine integrase bound to one half site of one substrate (5) . This work has led to a step change in our understanding of the mechanism of the serine integrases (6, 7) .
BIOLOGICAL ROLES OF LSRs
LSRs are not evenly distributed throughout the eubacteria. Phages that infect Gram-positive bacteria, in particular the Actinobacteria and Firmicutes, are rich in serine integrases. If one searches for the signature "recombinase" domain in Pfam (pfam7508; pfam.xfam. org), the majority of hits are in the Firmicutes, many in mobile elements encoding clinically relevant antibiotic resistances (8, 9, 10) . In the Gram-negatives, large serine recombinases are found sporadically, mostly in environmental organisms. By contrast, the small serine recombinases are common in both Gram-positive and Gramnegative bacteria.
ROLE OF SERINE INTEGRASES IN PHAGE LIFE CYCLES
When temperate phages enter the lysogenic life cycle, the phage genome often becomes integrated into the host DNA. First described by Allan Campbell (11) working with phage λ, the integration requires an attachment site in the host chromosome, the attB site and a phage attachment site, attP on the circular phage genome (Fig. 1A) . Campbell proposed that a single crossover occurs between the two attachment sites and results in the integration of the phage genome, which is then flanked by two new attachment sites, attL and attR. Excision is the recombination between attL and attR that regenerates attP on the excised phage genome and attB in the host chromosome. In order for the phage to properly control entry and exit from lysogeny, integration and excision must be tightly controlled. To do this, phages encode accessory proteins, called the recombination directionality factors, RDFs or excisionase, Xis (12) . Although phage integration and excision can be driven by tyrosine or serine integrases, the mechanisms of the integrases and accessory proteins and the organization of the attachment sites differ fundamentally between the two types of systems (2) .
The attachment sites used by the serine integrases comprise the binding sites for their cognate integrase; no host or accessory factors bind the attachment sites (3, 7, 13) . The attP and attB sites, whilst sharing little sequence identity with each other, both contain imperfect inverted repeats and the attL and attR sites contain half sites from attP and attB (2) .
AttB sites used by the serine integrases tend to be located intragenically and, in most cases, integration of DNA into these sites appears to disrupt their target genes (Table 1) . However, some integration sites are sufficiently close to the 5′ or 3′ ends of the genes that a sequence within the attP site might compensate for the loss of translational signals; for example, SCCmec elements regenerate a functional 3′ end of the rmlH gene (14) . φC31 integrase can tolerate minor species-specific sequence variations in attB but integration activity drops by orders of magnitude if the cognate attB site is deleted (15) . Secondary or pseudo-attB sites with limited sequence identity to attB can be used for integration if the cognate attB is absent (15) . The Mycobacterium prophage φRv1 was found in different locations in two M. tuberculosis genomes integrated into a repetitive element, REP12E12. M. tuberculosis and M. bovis BCG have seven copies of REP13E12 and φRv1 can integrate efficiently into three almost identical copies; as the sequences diverge, efficiency of recombination decreases (16) .
It is not surprising that phages or mobile elements that encode very similar integrases and attP sites use the same attB sites, for example, the SCCmec elements or phage A118 and Listeria innocua (LI) prophage (5, 17) (Table 1) . Surprisingly, mycobacteriophages Peaches and Bxz2, which have integrases and attP sites that have diverged significantly (59% and 50% identical, respectively) use the same attB site (18) . Bxz2 and Peaches are not able to swap attP sites, as only Bxz2 integrase can use both attP sites for recombination and DNA binding. These two integrases provide an insight into how integrases might coevolve with their attachment sites.
DOMESTICATION OF PROPHAGE EXCISION BY THE HOST
LSRs were first described in relation to their roles in heterocyst formation in the cyanobacterium Anabaena and in Baciillus subtilis sporulation (19, 20, 21) . Both types of events only occur in terminally differentiated cells types, thus ensuring that the prophage is not lost in the vegetatively proliferating cells. In Anabaena, the response to nitrogen limiting conditions is to develop specialized cells, the heterocysts, in which atmospheric dinitrogen is reduced to ammonia. The nitrogen fixation depends on the nitrogenase complex, which is only expressed and active in the anaerobic microenvironment of the heterocysts. Remarkably, there are two large, independent genome rearrangements that take place to generate intact copies of nifD and fdxN, encoding a subunit of nitrogenase and ferredoxin, respectively (22) . An 11 kbp insertion in nifD is excised by the action of a tyrosine recombinase, XisA and a 55 kbp insertion is removed from the nearby fdxN gene by a large serine recombinases, XisF (19, 23) . Expression of the xisF gene in Escherichia coli containing a compatible reporter plasmid encoding DNA from the endpoints of the 55 kbp insertion yielded a low level of recombination activity and the products were consistent with a reciprocal site-specific recombination reaction (19) . XisF requires two accessory proteins, XisH and XisI, for excision of the 55 kbp element, consistent with the dependence of prophages on RDFs to activate the excision reaction (24) . SpoIVCA in B. subtilis was also identified as a protein related to the resolvases and is essential for excision of a 42 kbp prophage-like element, skin (20, 21) . As in prophage excision, the excised DNA element was shown to be a circular (25) . In the bacterial chromosome, the recombination resulted in the precise joining of two gene fragments, spoIVCB and spoIIIC, to form an intact open reading frame (ORF) encoding the mothercell specific sigma factor, SigmaK (21, 25) . The recombination sites were shown to resemble attL and attR sites (2, 26) . The recombinase, SpoIVCA, binds to these regions protecting about 50 bp from DNAseI digestion. Expression of SpoIVCA is dependent on a small regulatory protein encoded by spoIIID and it has been proposed that SpoIIID might also be required as an accessory protein in excision (21, 25) . Domestication of prophage excision to regulate gene expression also occurs in nonterminally differentiated cell types. In Listeria monocytogenes, prophages including A118 and φ10403S (27, 28) , are frequently inserted within comK, which in B. subtilis encodes a regulator of several genes expressed late in the competence pathway that leads to DNA uptake (29) . The late expressed com genes encode the proteins required for the assembly of the DNA uptake apparatus, the pseudopilus. L. monocytogenes is an intracellular pathogen that is initially taken up by mammalian cells in the vacuole but the bacterium must escape this compartment and enter the cytosol to spread and multiply. ComKdependent expression of the pseudopilus is essential for L. monocytogenes 10403S to escape from the vacuole and the intact comK gene is generated only after excision of φ10403S (28) . ComK in Listeria is therefore an important virulence factor. Rabinovich et al. also demonstrated that, although the excised prophage is transcribed and mRNA for capsid and tail genes could be detected, phage genes for host lysis and DNA packaging were uninduced, suggestive of an abortive life cycle (28) .
ROLE OF SERINE INTEGRASES IN THE MOVEMENT OF TRANSPOSONS AND THE SCC
The mobilisable element, Tn4451, in Clostridium perfringens and the conjugative element, Tn5397, from Clostridium difficile encode chloramphenicol and tetracycline resistance mechanisms, respectively. Both encode LSRs that are used for element excision and integration (30, 31, 32) . TnpX in Tn4451 excises the transposon generating a circular intermediate that, at the joint, forms the attachment site (attTn). After conjugation of Tn4451 to a new host, attTn will recombine with one of several targets sites in the new host's chromosome (Fig. 1B) . Lyras and Rood showed that this circular intermediate generates a strong promoter within attTn that reads into the tnpX gene such that after the circular intermediate has been delivered into the recipient, there is a burst of TnpX expression to mediate integration (33) . The genetic organization of Tn5397 precludes the same strategy for regulation of expression and integration of this element appears to be mostly site-specific (9, 32, 34) . BLASTp searching with TnpX and TndX indicate that both transposases are present throughout Clostridium spp. and related genera.
SCC elements are prevalent mobile elements in Staphylococcus and Enterococcus spp. Many of the SCC elements encode two recombinases, CcrA and CcrB, and they form two distinct clades in a phylogenetic tree of LSRs. The SCC elements were first observed as they contain the mecA gene, encoding for a variant penicillin binding protein with low affinity for methicillin and hence conferring resistance to this antibiotic. The two recombinases are both required for excision and integration of the cassette (14, 35, 36) . CcrA has a specific role in the recognition of the host attB site (14) as it recognizes a specific half of the attB site and it may enable the SCC element to insert into a site that is not an inverted repeat (14) . Another unusual feature of the SCC elements it that the recombinase genes, ccrA and ccrB, are located distant from their recombination substrates (17) . Excision and reintegration of the elements also occurs through a circular intermediate (35, 37) (Fig. 1B) . Recently, transfer of the SCCmec element from cell to cell was shown to occur by transduction (38) .
OVERVIEW OF THE PROPERTIES OF LARGE SERINE RECOMBINASES; CONSERVATIVE SITE-SPECIFIC RECOMBINATION AND SITE-SELECTIVITY
To date, 16 LSRs have been studied at the biochemical level and they have similar properties (Table 1) (6, 13) . LSRs have the N-terminal domain (NTD), also called the catalytic domain, that is highly conserved in the serine recombinases. The LSRs act by binding to their DNA substrates as dimers and bring the sites together by protein-protein interactions to form a tetrameric synaptic complex (1, 39, 40, 41) . Activation of the nucleophilic serine in each of the four subunits results in DNA cleavage to give 2nt 3′overhangs and transient phosphoseryl bonds to the recessed 5′ ends (Fig. 2) . Reaction intermediates in LSR-mediated recombination can be observed in nondenaturing gels (42, 43, 44, 45) . Complexes that are dependent on both recombination substrates being present have been shown to contain either the covalently bound integrase to cleaved DNA or noncovalently bound synaptic tetramers with substrates (42, 44, 45) . The precise position of cleavage with Bxb1 was mapped demonstrating the formation of the 3′ dinucleotide overhang that lies exactly where the crossover site had been mapped by mutagenesis (42) . In addition, the use of methylphosphonate substitutions in attB placed either at the scissile phosphate or at adjacent positions close to the crossover dinucleotide greatly inhibited double strand cleavage, suggesting that cleavage must be concerted, a hallmark of the serine recombinase mechanism (42) .
Facilitated by the flat interface within the tetrameric synaptic complex, DNA strand exchange occurs by subunit rotation (discussed below). The 3′ dinucleotide overhangs base pair with the recessed 5′ bases and the 3′ OH attacks the phosphoseryl bond in the reverse of the cleavage reaction to join the recombinant half sites (1). The transient covalent attachment between each recombinase subunit and the DNA backbone is an important reaction intermediate that conserves the high energy phosphodiester bond and negates any requirement for an additional energy source. The reactions are therefore termed conservative, as an energy source is not required. Moreover, recombination is reciprocal as no DNA is lost or gained in the reaction.
Conditions for in vitro recombination assays with LSRs usually consist of a simple buffer, with no requirement for divalent cations (3). Recombination rates and conversion efficiencies vary; φC31 and Bxb1 integrases can convert approximately 80% of substrates to products within 30 min, whereas φRv1 integrase can take an overnight incubation to reach this level of efficiency (16, 42, 46) . The recombination sites are usually less than 50 bp in length and are referred to as "simple" because they bind only the recombinases, no other DNA binding or hostencoded proteins are required (42, 47) . Where minimal sites have been precisely mapped, the attP sites are usually about 10 bp longer than the attB sites (6) .
The arrangements and orientations of the sites determine the outcome of recombination (3). For instance, attP and attB can recombine when they are on different molecules, as is the case when they are located on the phage and host genomes to generate the integrated prophage, but they can also recombine, often with greater efficiency, if they are placed on the same molecule. In an intramolecular reaction, the outcome depends on the relative orientation of the sites; if the sites are in a headto-tail orientation, deletion occurs and if they are headto-head, inversion occurs (see below for an explanation of how polarity is determined). Similarly, with the attL and attR sites, their location and orientations determine the outcomes of recombination. Note that in studies of integrases with model substrates, the terms "integration" and "excision" are used to describe the attP × attB and attL × attR reactions, respectively, irrespective of whether the outcome is DNA integration or excision. Despite this topological promiscuity, there is strict control over the combinations of sites that can and cannot recombine (3, 43, 48) . The default reaction by integrase in the absence of other proteins is attP and attB recombination to generate attL and attR; no other pairs of site recombine efficiently. Only when the RDF is present can integrase mediate attL versus attR recombination (although both TP901-1 and φBT1 can mediate a low level of detectable excision) (49, 50) and only under exceptional circumstances can two attL or two attR sites recombine (51, 52, 53) . Site-selectivity and directional control are entirely consistent with the biology of phage integration and excision; a lysis/lysogeny decision can be made without expression of early phage genes but the induction back into the lytic cycle will necessarily need early phage gene expression, including the gene encoding the RDF.
SERINE INTEGRASES: DOMAIN STRUCTURE AND FUNCTION
The integrase from LI prophage is 98% identical to the Listeria monocytogenes phage, A118 integrase, and both integrases use almost identical attachment sites (5, 27) . A structural model of LI CTD in a complex with a 25 bp A118 attP half site was generated by X-ray crystallography (5). This structure and the TP901-1 integrase NTD show that the LSRs are comprised of three major structural domains and functionally important motifs that connect them (5, 41) ( Fig. 2 and Fig. 3 ). The three domains are the catalytic NTD, the "recombinase" domain (RD) and the zinc ribbon domain (ZD). The NTD and RD are linked by the long αE helix and the RD and ZD are connected by a short linker (5) . The RD and ZD are collectively termed the CTD and it is from the large size of the LSR CTD, ranging in size from 319 to about 550 amino acids, that they earn their name (2).
THE CONSERVED N-TERMINAL DOMAIN
The LSR NTDs share the conserved residues and the functions of the small serine recombinase NTDs (39, 40, 41) . Mutation of the catalytic serine in TnpX, φC31, Bxb1, and R4 abolishes recombination (31, 42, 44, 54) . The structure of the NTD of TP901-1 integrase shows that the overall fold and shape of the LSR NTD strongly resembles that for γδ resolvase, and Sin recombinases (40, 41, 55) . Although TP901-1 NTD is a tetramer in the X-ray crystal structure, it, along with isolated NTDs from Bxb1, A118 and TnpX, is a dimer in solution (41, 43, 56, 57) . The dimer interface (I-II in Yuan et al. [41] ) is formed largely by the crossing of αE, reminiscent of the dimer interface in γδ resolvase (41) . The tetramer interface in the TP901 NTD structure is the putative synaptic interface formed by three different secondary structure elements including the base of αE at Met118 and Phe122. The equivalent amino acids in γδ (aas 96 to 105) and Tn3 resolvases are believed to be part of a flexible linker region (1, 6) . In γδ, as the tetramer interface forms, the crossing angle of the αE helices changes, weakening the I-II interactions and resulting in a flat interface that would provide a barrier free rotation of subunits to bring about strand exchange (39) . Conformational changes during the dimer to tetramer transition are also associated with activation of DNA cleavage. Similar conformational changes are important in the LSRs (6, 58) . Substitutions at V129, a residue that is predicted to lie the flexible linker at base of the αE helix in φC31 integrase, affect either the stability of the synapse (IntV129A) or the ability of the synaptic complex to cleave the substrates (V129G) (58) . The formation of the tetrameric interface and the associated conformational changes induced within the NTDs thus appear to be conserved in the serine recombinases. In all serine recombinases, there are barriers that need to be overcome to generate the active tetramers. In the LSRs, the CTDs play a major role in overcoming these barriers.
THE LARGE C-TERMINAL DOMAIN
Despite high diversity between recombinases, sequence alignments indicate that the secondary structure features elucidated by the LI integrase structure are generally conserved, arguing that all the LSRs will have similar overall structure (5). Length and amino acid sequence diversity is particularly noticeable between secondary structural elements (6) . Indeed, φC31 integrase is predicted to have a large number of loops between the conserved secondary structure elements (born out by the partial structure shown in PDB entry 4BQQ). Despite the loops, the only protease sensitive site identified in φC31 integrase is between the NTD and CTD, suggesting that the structure in solution is globular and compact, an idea proposed by van Duyne and Rutherford (6) (Fig. 2) .
The structure of LI integrase confirmed the presence of zinc coordinated by four cysteines in the ZD (5). Zinc had been shown to be present in φC31 integrase and that recombination and DNA binding activity were lost if integrase was preincubated in the presence of EDTA (59) . φC31 integrase appears to be more sensitive to EDTA than other LSRs, possibly a consequence of a sequence variation in the vicinity of the coordinating cysteines in φC31 integrase (6, 57) . The greatest surprise from the LI structure showed that embedded within the ZD is an antiparallel coiled coil (CC) that projects out from the more globular structure of the ZD. The CC motif can adopt at least four different trajectories relative to the ZD and RD domains indicative of the presence of a hinge region within the ZD (Fig. 3) . Previous to the structure elucidation, the CC motif in φC31 integrase was shown to be involved in the control of integration and excision and in protein-protein interactions between CTDs (48, 60) .
TnpX (707aa) has, in addition to the three canonical LSR domains, a C-terminal domain containing 170 aa located beyond the ZD (56, 61) . A derivative of TnpX lacking the last 110 amino acids, TnpX 1-597 was functional for excision, insertion, transposition, dimerization, and DNA binding. Full length TnpX forms more stable dimers and is more active in a deletion assay in vitro compared to its truncated form. Van Duyne and Rutherford suggest that this additional domain in TnpX is a duplicated zinc ribbon domain that provides additional DNA and protein-protein contacts (6) . A compilation of the other putative LSRs with additional functional domains can be found in Pfam (pfam.xfam. org) (62) .
THE LARGE CTD IN SERINE INTEGRASES: DNA BINDING
The work by Rutherford et al. has revealed for the first time not only the structure of a serine integrase CTD but also how it recognizes and contacts the attP half site (5). The structure supports biochemical data obtained from work with A118, Bxb1, φC31, and TnpX, and is therefore, likely to reflect the overall DNA binding mechanism for all the LSRs. The insights obtained from the LI CTD structure explain many of the generic properties of the LSRs, including observations pertaining to siteselectivity and directionality. A detailed review by van Duyne and Rutherford considers all of the structural and biochemical evidence to date of LSR DNA binding to its attachment sites and how binding might control the assembly of the synapse (6).
Recognition of the attP site
The CTD from LI integrase makes multiple interactions along the entire length of the 25 bp A118 attP half site in both the major and minor grooves. The domains of LI integrase CTD contact distinct regions of the attP half site with RD (including the αE) contacting base pairs 0 to 12, the RD/ZD linker contacts bases 13 to 15 and the ZD domain base pairs 16 to 24 (Fig. 4) . Correspondingly, sequence motifs within these contacted regions of the attP sites can be identified and are referred to as RD, ZD or RD-ZD linker binding motifs. The extensive interactions all along the A119 attP half site match both DNAseI footprinting and the minimal length determination for A118 attP site using a linear fragment (50 bp) (57) .
Binding by the αE, the RD domain and the RD-ZD linker
The 13 bp at the center of the A118 attP half site is contacted by the C-terminal part of the αE and the RD domain (5) (Fig. 4 and Fig. 5 ). This conserved domain within the LSRs contains three helices (αF, αG and αH) at its core and resembles the three helix bundle of the CTD of the small serine recombinases (Fig. 3 and Fig. 5 ). Major groove contacts occur via the αH that makes direct contacts to bp 9 to 11. Minor groove contacts are made by aa within the RD-ZD linker region and from conserved aa in αE to bp close to the center of the attP site.
In a model of the LI integrase CTD bound to a full attP site, two RD motifs are located symmetrically around the crossover dinucleotide at base pairs 0 to −12 for the left arm and 0 to +12 for the right arm (Fig. 4 and Fig. 5 ). Rutherford et al. propose that the RD motif also recognizes this motif in attB (at base pairs 0 to ±12 bp) (5). This extrapolation is supported by the fact that most attachment site pairs (the exceptions are the SCCmec sites) share more sequence identity in the central 0 to ±12 bp than in their outer, flanking regions (2) . Mutation scanning studies with Bxb1 attP and φC31 attB sites indicated that the central 24 bp in the attachment sites are recognized as a core sequence (63, 64) . Although most of the positions are not particularly sensitive to mutations, the RD motif sequence appears to be enriched within the pseudo-attB sites recognized by φC31 integrase (15) . Exceptionally, in both Bxb1 attP and φC31 attB, there are mutations close to the crossover dinucleotides that can strongly reduce recombination affecting integrase binding, synapsis and/or cleavage (Fig. 4) (63, 64) . It seems plausible that interactions close to the crossover dinucleotide might have a significant impact on the ability of the integrase subunits to undergo the conformational changes required to activate cleavage and that failure to complete these changes might result in unstable DNA binding (5, 63, 64) .
Interactions by the ZD to attachment sites
The majority of contacts by the ZD to the ZD motif are in the major groove and are mediated by a hairpin (β11-β12) held by the coordinated zinc atom and by a loop (between β12 and αJ) (5) (Fig. 3 and Fig. 5 ). Contacts here were anticipated by mutations in the equivalent region in φC31 integrase that reduced DNA binding to variable extents (59) . The ZD motifs lie in the outer flanks of the attP site and mutations in A118 attP site at 20, 21 and 23 are defective for LI integrase activity (5) . Equivalent mutations in attP from Bxb1 (bp 18 to 21 and called the Flank-L and Flank-R sequences) were also defective for binding (64) (Fig. 4) . Singh et al. recognized that there was no counterpart to the Flank/ZD motif sequences at the same positions in attB. However, Rutherford et al. provide a compelling case that the attB sites, in fact, do have the ZD motifs, recognizable by sequence similarity to attP ZD motifs, but they are positioned 5 bp towards the center of the attB site compared to their locations in attP (5) (Fig. 4) . Mutations in the A118 attB site confirm that the most sensitive bases are 15 to 18, exactly 5 bp inwards from the equivalent bp in the attP site. Mutation scanning of the φC31 attB site also showed that the most mutationally sensitive base pairs in attB for recombination activity are located at bp 15 and 16 where changes resulted in very slow synapsis and recombination rates, but no significant decrease in DNA binding affinities (63) . In the light of the structural information it seems likely that binding affinities could be maintained by compensatory contacts to mutant attB sites but these could also alter the positions of the CC motifs, which as described below, would affect synapse formation (6).
RD-ZD linker interactions
Rutherford et al. identified a 3 bp motif in the attP site that is contacted in the minor groove by an eight aa residue linker, the RD-ZD linker (5) . The linker motif is well conserved in both arms in many of the LSR attP sites (Fig. 4) (6) . A consequence of the relocation of the ZD motif 5 bp towards the center of the attB site, relative to the attP site, is that the linker motif and the ZD motif have to overlap in the bps 11 and 12 (5) . Mutation scanning of the A118 attB site shows that mutations here reduce DNA binding and recombination whilst mutations in equivalent positions in attP are hardly affected. Similarly in φC31, attB double symmetrical mutations at positions ±12 are defective for recombination (63) .
Further independent insight into the relationship between attP and attB was obtained by Singh et al. (64) . Remarkably, only a few base pairs in attP need to be changed to their attB counter parts to lose attP identity and gain a moderately active attB site. The key residues include a so-called discriminator base at position 14 and a base in the ZD motif at position 20 (Fig. 4) . With the benefit of the LI integrase CTD structural information, these changes disrupt the RD-ZD linker interaction (bp at position 20) and (at position 14) weaken the interaction to the ZD motif (6) . The mutation in the ZD-RD linker motif actually causes the linker region to resemble the ZD binding motif at the correct position for the attB site (6). Overall, we now have a much clearer understanding of how attP and attB are related to each other and how they could both be recognized by their cognate LSRs (5).
FORMATION OF THE SYNAPSE IS THE KEY STEP IN THE CONTROL OF DIRECTIONALITY
Synaptic complexes containing a presumed tetramer of integrase, assembled by the interactions between dimers bound to a pair of attachment site substrates, can be observed experimentally (42, 44, 45, 47) . Although LSRs generally bind to all their attachment sites with approximately equal affinities, LSRs do not synapse any pair of attachment sites other than attP and attB in the absence of their RDFs, reflecting the site-selectivity of integrase for integration. We now have insight into how the assembly of the synaptic complex could be controlled by the participating attachment sites. There are at least three important protein-protein interactions occurring to generate the synaptic complex, the dimer and tetramer interfaces in the NTDs (already discussed), and the CC interactions in the CTDs.
Protein-protein interactions between CTDs at synapsis determine site-selectivity
The isolated CTDs from φC31, Bxb1, Peaches, Bxz2, and A118 bind to their cognate attachment sites (18, 43, 56, 57, 60) . When bound to attP and attB the isolated φC31 CTD can assemble synaptic complexes and displays the same site-selectivity of full-length (catalytically inactive) integrase. Thus, the CTDs bound to the attP and attB sites may be interacting to generate tetramers and, supported by observations that the CC motif fused to maltose binding protein (MBP) could oligomerize, it was proposed that tetramer interactions were mediated through the CC motif (60) .
Explanations for how the CTD interactions are mediated have been proposed based on the LI integrase CTD bound to the attP half site (5) . Within the ZD domain, the CC motif projects outwards from the more globular part of the domain in different trajectories (e.g., Fig. 3 ). Rutherford et al. constructed a model of an intact LI integrase bound to full attP, attB and attL/R sites, using as a guide the γδ resolvase/site1 complex (5, 40) . In the model, the ZD domains located in integrase dimers bound to either attP and attB are located on opposite faces of the DNA, and correspondingly, the CC motifs project outwards from the DNA in opposite directions ( Fig. 5 and Fig. 6 ). As described above, ZD domains are predicted to bind attB sites 5 bp towards the center of the attachment site compared to its location on the attP site. The consequence of the relocation of the ZD domains in attB is that CC domains project outwards from half a turn further towards the centre of the attachment site in attB compared with attP (Fig. 5) . Thus, when a model synaptic complex is assembled based on the LI CTD-attP structure, the CC motifs in the integrase subunits bound to attP and attB are now close enough to interact (Fig. 6) . Conversely, if the modeled LI integrase dimers bound to two attP sites or two attB sites are brought together in a hypothetical synaptic complex, the CC motifs in both structures project outwards in opposite directions and cannot interact (5) . Deletion of the CC motif from LI integrase results in a recombination defective phenotype in intermolecular reactions where efficient synapsis is required (5) . However, in intramolecular reactions loss of the CC motif leads to loss of recombination site-selectivity, confirming the importance of the CC motif in the control of directionality. The models by Rutherford et al. offer compelling explanations of how different conformations of integrase bound to attP and attB can enable synapsis.
WHY SERINE INTEGRASES ONLY MEDIATE INTEGRATION IN THE ABSENCE OF THE RDF
Models of LI integrase bound to attL and attR were also generated by Rutherford et al. (5) . A hypothetic synaptic tetramer model of LI integrase bound to attL and attR permits CC to CC interactions between integrase subunits. However, despite the apparent ease at which the attL and attR bound synaptic tetramer could form, we know that native phage integrases cannot generate this complex in the absence of the RDF (13). Rutherford explain this paradox by proposing that the CC motifs from the two adjacently bound integrase subunits on attL or attR are sufficiently close to enable auto-inhibitory CC to CC interactions, if they assume a fairly closed trajectory by reaching across the RD domains towards the center of each attachment site (Figs 2, 3, and 6 ). These interactions between adjacently bound CTDs would then explain the cooperativity displayed by φC31, Bxz2, and Peaches CTDs binding to attL and attR (60, 64). Rutherford et al. also suggested that similar interactions might also be occurring between integrase subunits bound to attB, as they would be close enough to stretch across the RD domains and wind around the helix to come into contact and form a rather closed conformation compared with the integrase-attP complex.
These models are reinforced by the experiments by Rowley et al. who concluded that φC31 integrase bound to attL and attR had an auto-inhibitory activity that could be partially removed by mutation (48) . Rowley et al. identified amino acid substitutions in the CTD that led to recombination promiscuity or "hyperactivity," that is, the ability to recombine attL and attR without the RDF. All the mutations lie close to or within the CC motif. Two mutant integrases, IntY475H and IntL460P, were severely defective in integration but showed significant activity in attL × attR recombination (compared to wild type integrase) in the absence of the RDF. These mutations abolish the CC to CC interactions in experimental assays, and this would explain both reduction in the ability for integrase to synapse attP and attB and a reduction in the auto-inhibitory interactions between the CC motifs in adjacently bound CTDs on attL and attR (60). IntE449K, however, is nearly as active in integration as native integrase and has a high level of activity in an intramolecular assay for attL and attR (much less so for intermolecular activity) (48) . Unlike native integrase, Int E449K can synapse attL and attR (in addition to attB and attP) but the isolated CTDE449K could no longer generate the attP/B or attL/R tetramer complexes in EMSAs (60) . The location of IntE449 is at the N-terminal base of the CC motif in a putative hinge region and if affecting the range of trajectories, might weaken CC to CC interactions in both auto-inhibition and synapsis.
HOW RDFS SWITCH THE DIRECTIONALITY OF INTEGRASE TO FAVOR EXCISION
The first two RDFs to be shown to activate excision were small proteins encoded by TP901-1 orf7 (64aa) and Rv1584c (73aa), respectively (16, 49, 65) . The TP901-1 orf7 gene was unusual as it was not located adjacent to the integrase (encoded by orf1 in TP901-1) and this was a distinct departure from the canonical arrangement of int and xis in the tyrosine integrase systems (49) . Rv1584c, encoding the φRv1 Xis, is located adjacent to the int gene (Rv1586c) and encodes a protein with low level identity to a characterized Xis (gp36) for a tyrosine integrase (from phage L5) (65) . Despite this, RDFs for serine integrases do not act with the same mechanism as those for tyrosine integrases (16) .
The RDFs from Bxb1 (gp47) and from φC31 (gp3) are much larger proteins than Xis, 255aa in gp47 and 244 aa in gp3. These RDFs and that from TP901-1 are expressed early in the phage developmental cycles (49, 52, 53) . Neither gp47 nor gp3 bind to any of the attachment sites used by their cognate integrases and the minimal sites for attL × attR recombination are less than 50 bp. RDFs from φRv1, Bxb1 and φC31 inhibit integration as well as activate excision (16, 52, 53) .
φC31 gp3 binds integrase in solution and when integrase is bound to all four of its attachment sites (53). The presence of gp3 stimulates the formation of the attL × attR synaptic complex and inhibits or destabilizes the attB × attP synaptic complex. Gp3 acts stoichiometrically with integrase, consistent with its activity mediated through binding to integrase. Using the hyperactive integrase mutant, IntE449K, the mobilities of both integration and excision synaptic complexes with and without gp3 could be compared and in both types of synapse gp3 appears to remain bound. Kinetic analysis of a time course of excision using wild type integrase, gp3 and substrates showed that the initial rate of reaction is dependent on the order of addition of the components. Notably, if integrase is in excess and allowed to bind to the substrates attL and attR before the addition of gp3, the initial rate is slow compared to a reaction in which integrase and gp3 are incubated before the addition of substrates. Khaleel et al., therefore, proposed that gp3 remodels integrase before the attL/R synapse can be made (53) (Fig. 6B) .
In the light of the LI integrase-attachment site models, Rutherford and van Duyne proposed that the RDFs are likely to have a generic mechanism that displaces the auto-inhibitory activity of the CC motifs in the integraseattL and integrase-attR complexes to enable the formation of the excisive synaptic complex (5, 7) (Fig. 6B) . Binding of the Bxb1 RDF, gp47 to integrase bound to attP and attB is more stable than to attL or attR where there could be competition between RDF binding and the auto-inhibitory CC to CC interactions (52). Rutherford and van Duyne also suggested a possible mechanism through which the RDFs inhibit the integrative synapse, that is, the RDFs could stabilizing the possible autoinhibitory activity of the CC motifs in the Int-attB complex (7).
The RDFs from Bxb1, φC31, TP901-1 and φRv1 are unrelated to each other in sequence and RDF genes cannot be predicted on the basis of their genetic loci (other than being early expressed phage genes) (49, 52, 53, 65) . Identifying RDF genes is therefore a challenge. However, some RDFs are easily identified. φBT1 is a close relative of φC31 and contains a homologue to gp3 (gp3 BT1 ) (66) . gp3 BT1 is active as an RDF for both φBT1 and for φC31, a cross-reactivity that is remarkable given the divergence between the two integrases (φBT1 and φC31 integrases share only approximately 29% aa identity). Homologues to φC31 gp3 and Bxb1 gp47 are present in other phages with serine integrases, but also in phages that encode tyrosine integrases (52, 53) . φC31 gp3 and Bxb1 gp47 are both essential genes for lytic growth indicating that RDFs have two functions in the phage life cycle (52, 66) . The mechanism of action of Bxb1 gp47 and φC31 (and φBT1) gp3 proteins are very FIGURE 6 Site-selectivity explained by the geometry of the CC motifs bound to the attachment sites. (A) The three panels show the hypothetical assembly of synaptic complexes by integrase bound to two attP sites (left panel), two attB sites (middle panel), and an attP and attB site (right panel). The integrase subunits are colored red if bound to P or P′ and blue on B or B′. Line 1 in each panel shows an integrase dimer bound to an attachment site and the dimer is viewed from the perspective of zinc ribbon domain (ZD) and recombinase domain (RD) and looking down towards the N-terminal domain (NTD) bound to the opposite face of the DNA (black line). Line 2 is a second dimer bound to an attachment site but viewed the other way, that is, from the NTD and looking down towards the RD and ZD domains underneath. Line 3 shows what happens when the dimer from line 1 is superimposed on the dimer from line 2 to generate an integrase tetramer and line 4 is where this complex is rotated by 90°. In line 4, the CC motifs are flared and dark where they project out of the page and pale and thin where they project into the page. The CC motifs project in opposite directions from dimers bound to two attP sites or two attB sites but are proposed to be close enough to interact between integrase dimers bound to attP and attB site. (B) Possible pathway for assembly of the excision synapse with so-called complementary interactions between the integrase subunits is shown on the left (48) . The attL and attR sites are proposed to be in a closed conformation with respect to the CC motif in the absence of the recombination directionality factor (RDF). Addition of the RDF might bind to the ZD domain to change the trajectory of the CC motifs so that they are in a more open conformation. As the CC motifs in the dimers bound to attL and attR project in the same direction (here projecting out of the page), there is an opportunity for them to interact, but only in the presence of the RDF. If one of the attL or attR sites aligns in the opposite orientation as shown by the tetramer synapse on the right, the CC motifs cannot interact as they are projecting in different directions, possibly explaining noncomplementary interaction and the bias against this type of synaptic complex in excision (48) . doi:10.1128/microbiolspec.MDNA3-0059-2014.f6 similar but the proteins are apparently structurally unrelated. The emergence of these two protein families as RDFs is likely to be independent evolutionary events in which integrases recruit phage proteins for RDF function (53).
MOBILE ELEMENT LSRs AND ATTACHMENT SITES
Generally, the LSRs from mobile elements display less stringent site-selectivity than the canonical phage-encoded serine integrase systems, which raises questions on how their synaptic complexes might assemble. In the case of the transposases, TnpX and TndX, from Tn4451 and Tn5397, respectively, no accessory factors are required for excision or integration (32, 67) . TndX can mediate attTn × attB, attL or attR recombination but not attTn × attTn. Put more generally, TndX can mediate a recombination between attTn and any site with only one attB arm. Mechanistically, this pattern of site-selectivity could be explained if the CC motif interactions are only required between two of the DNA bound subunits, those bound to an attTn arm and an attB arm, rather than between all four as in the phage integrases.
The SCCmec elements use two recombinases, CcrA and CcrB for both integration (attSCC × attB) and excision (attL × attR) (35) . The nature of the recombination sites and how they are recognized by the Ccr proteins is fundamentally different from the phage-encoded systems (14, 36) . The attB site for SCCmec elements lies within the conserved gene rlmH (encoding a 23S rRNA pseudouridine methyl-transferase) at the 3′ end and entry of the SCCmec element regenerates the 3′ end and the nearby stop codon (14, 35) . The left arm of attB is entirely rlmH and is called the attBrlmH arm. CcrA specifically binds to sites that contain the attBrmlH arm, that is, attB and attL (14) . The right arm of attB contains a conserved 14 bp sequence that is also present as an imperfect inverted repeat in attSCC and attR (14) . CcrB binds well to attB, attSCC, and attR but not to the attB rmlH arm (14, 36) . In recombination, CcrB can recombine sites that exclude the attBrmlH arm (SCC or attR × SCC or attR). In the presence of CcrA and CcrB, the recombination repertoire expands to include recombination between any pairing of sites except those that contain more than one attB rlmH arm (attB or attL × attB or attL). It has been proposed that CcrA might be refractory for synapsis, which could explain why the only pairs of sites that cannot recombine are those with two CcrA binding sites (14) . Explanations of how permissive sites can synapse and recombine in the context of the roles of the CC motifs in these proteins will be an interesting contrast to those proposed for the phage integrases.
THE CENTRAL DINUCLEOTIDE IN THE INTEGRATION SUBSTRATES DETERMINES SITE POLARITY
The outcome of site-specific recombination reactions is dependent upon the orientation of the recombination sites with respect to each other in the case where sites are intramolecular (previously discussed). In an intermolecular reaction such as phage integration, the orientation of the attB site will determine the orientation of the integrated prophage with respect to markers flanking the attB site. There are clear implications if the control over orientation fails, for example, inversion instead of prophage excision. Thus, the recombination sites need to possess polarity, referred to as left and right arms or P/B and P′/B′ arms. A left arm (P or B) must always be joined to a right arm (P′ or B′) for the substrates not to become scrambled (Fig. 7) . In the LSRs, undergoing integration, that is, using attP and attB (or attTn and attB), the polarity of the attachment sites is determined by the nature of the dinucleotide at the crossover site (34, 42, 45, 46) .
In integration, the attP and attB sites are imperfect inverted repeat sequences that flank an identical minimal sequence of 2 nucleotides (nts), the crossover sequence. The DNA cleavage of the recombination substrates generates a 3′ overhang at these two nucleotides that must base pair in the recombinants prior to joining. Mutations in this dinucleotide in one substrate and not the other still allows for initiation of the recombination pathway but joining of the recombination products is prevented (42, 46) . Mutation of the dinucleotide to the reverse complement leads to complete reversal of the polarity of the site. For example, in the case of φC31 attP and attB sites, the central 2 nts are 5′TT but if one site is changed to 5′AA (e.g., attB AA ) the polarity of this site is switched leading to aberrant recombination products in which the left arms are joined and the right arms are joined (Fig. 7) (46) . If an attB AA is integrated into the host chromosome, phage integration occurs in the opposite orientation compared to the wild type attB site. This confirmed that the dinucleotide is the only determinant of site polarity in vivo as well as in vitro. In both Bxb1 and φC31 integration, palindromic dinucleotides in both attP and attB substrates result in complete loss of polarity such that, in intramolecular reactions, deletions occur with equal frequency to inversions (42, 46) .
To understand how the dinucleotide is solely responsible for site polarity in integration, it is useful to think again about how integrase brings the site together in a synapse. The synapse can assemble with the attP and attB sites in two different alignments, parallel and antiparallel ( Fig. 7) (42, 46) . In both types of synapse, the same CC to CC interactions can be made between an integrase subunit bound to an attB type arm and an attP type arm. On formation of the synapse, DNA cleavage and strand exchange then takes place and, only when the half sites have been exchanged and are poised to form recombinants, does the proofreading step for site polarity occur, that is, whether the base pairing can occur between the overhangs. Only when the synapse is assembled with two sites in the parallel arrangement are the staggered breaks compatible. The attP and attB sites are therefore functionally symmetrical. Moreover, the sequences of the 2 bp at the crossover are not specifically recognized by integrases.
THE CENTRAL DINUCLEOTIDE IN THE EXCISION SUBSTRATES DETERMINES attL VERSUS attR IDENTITY
Similar experiments to the above have been used to study the excision substrates, attL and attR, specifically questioning their asymmetry and how this relates to the recombinational outcomes (48, 51, 53) . As integrase alone does not mediate excision, these studies were performed either with a hyperactive integrase, such as IntE449K (48) , or integrase in conjunction with its RDF (51, 53), either way, the properties of integrases are the similar. When the crossover dinucleotides are palindromic, the favored outcome for recombination with Fifty percent of synaptic complexes assemble with attP and attB in an antiparallel orientation such that cutting of the substrates yields dinucleotides at the crossover that cannot base pair in the recombinants leading to reversal or iteration of strand exchange (iii). In excision, attL and attR do not normally assemble an antiparallel synapse as this would require noncomplementary interactions between integrases bound to two P type (or two B type) half sites. However, attR × attR (or attL × attL) can form a synapse with the permitted complementary interactions by integrase subunits but joining of the products is prevented. doi:10.1128/microbiolspec.MDNA3-0059-2014.f7 attL and attR is the correct outcome, that is, left arm to right arm joining to form attP and attB (Fig. 7) . Insights into the nature of the attL and attR synapse from Rutherford et al. can explain this observation; the CC to CC motif interactions can occur between subunits located on an attP arm and an attB arm but not between subunits both bound to the attP arms or the attB arms (5, 7) (Fig. 6B) . These interactions were anticipated and termed, respectively, complementary and noncomplementary interactions within the synapse (48, 51) . A synaptic complex with complementary integrase interactions was strongly favored over noncomplementary interactions, with only the former yielding the correct attP and attB products.
Ghosh et al. noticed that the bias in the synapse structure in the excision reaction could explain how attL × attL and attR × attR reactions were prevented (51) . These recombination substrates have the same asymmetry and complementary integrase interactions can occur if the two attL (or two attR) sites come together to synapse. Using FRET, Ghosh et al. provided direct evidence that the synapse containing the complementary integrase subunit interactions was strongly favored over the noncomplementary synapse using two attR sites (51) (Fig. 6B) . Recombination between two wild type attL or two attR sites is largely prevented, as the overhangs generated will be unable to base pair after strand exchange, preventing product formation (Fig. 7) . This two-step proofreading process ensures that only attL and attR sites recombine to give the expected outcome after recombination. Supporting this hypothesis is that two attL (or two attR) sites can recombine if the central dinucleotide is palindromic and the outcome is an aberrant product where P is joined to P and B′ to B′ (P′/P′ and B/B with two attR sites) (48, 51, 53) .
STRAND EXCHANGE IN THE LSRs OCCURS BY SUBUNIT ROTATION
A remarkable property of the serine recombinases is that after DNA cleavage, the only forces that hold the recombining complex together are noncovalent, protein-protein interactions (Fig. 2) . This complex is also believed to be dynamic, with supercoiling driving the rotation of two subunits of DNA bound recombinases 180°with respect to the other pair of subunits to bring about strand exchange (1) . Mutation of a single bp at the crossover dinucleotide in γδ or Tn3 resolvase or Hin invertase leads to iteration of the subunit rotation (i.e., two rotations of 180°) to reform the substrates as the mismatch in the recombinant arrangement of half sites strongly inhibits joining of the DNA ends.
The simple requirements of the LSR mediated integration reaction has permitted the use of a single molecule approach to study the phenomenon of subunit rotation. Bai et al. tethered DNA containing Bxb1 substrate(s) to a microscope cover slip at one end and to a paramagnetic bead at the other. Magnetic fields were used to control the tension on the DNA and the DNA linking number. As the DNA linking number is unwound, plectonemic twists spontaneously form and this shortens the distance between the bead and the cover slip. Subunit rotation can release the supercoiling and lengthen the distance between the bead and the tether. To initiate recombination and the formation of an open rotationally active complex, the tethered DNA contains an attP site and the attB is either provided on an oligonucleotide or in a second DNA strand that can be intertwined with the attP strand to generate plectonemes.
In both experiments, all of the supercoiled DNA relaxes in a single step implying multiple rotations by the Bxb1 complex. When a mismatched attB site is used, products are prevented from forming and the cleaved recombination complex could remain "rotationally open" for many minutes. This work is significant as its shows using a direct assay that strand exchange is iterative, consistent with subunit rotation model.
Olorunniji et al. used a different experimental set up to show that strand exchange is normally gated after a single 180°rotation (68) . Olorunniji et al. imposed a topological filter on the reaction driven by φC31 integrase using hybrid Tn3 res/att sites located in the same plasmid in head-to-tail orientation (68) . The crossover sites from res, site I, were replaced by attP (to form phesP) or attB (phesB) and the res accessory sites II and III retained. Reactions with integrase, but without Tn3 resolvase, gave rise to deletions but contained multiple different topologies indicative of random collision at synapsis. Reactions with integrase and resolvase led to the majority of products being 2-noded catenanes, indicative of a single 180°rotation within a defined synapse topology. If the phes sites have a mismatch at the crossover site, a large amount of cleaved substrate is observed, indicative of stalling in the rotationally open state (68) . Addition of the RDF to such reactions greatly reduces the amount of cleaved DNA, presumably by licensing a second 180°r otation to reform the substrates. The authors propose that the gating activity observed after strand exchange in an attP × attB reaction could relate to the proposed auto-inhibitory, CC to CC interactions that are likely to form when integrase is bound to attL and attR (5, 7).
APPLICATIONS OF PHAGE INTEGRASES, PROBLEMS REMAINING AND FUTURE PROSPECTS
As soon as the phage-encoded serine integrases were discovered, they were being incorporated into vectors for genetic engineering (54, 69, 70) . Integrating vectors, that is, suicide plasmids encoding an int gene and an attP site, are used widely in microbes in which they either seek out an endogenous attB site for recombination or use one that is ectopically introduced (71, 72) . For cloning DNA in Streptomyces spp., integrating vectors are the vectors of choice as they are stable, single (or sometimes double) insertions at a defined position. It quickly became clear from the biochemical properties of φC31 integrase in an in vitro system, that these relatively simple recombination systems could be exported into other organisms, in particular mammals, flies, plants and most model systems (72, 73, 74) . For the most efficient integrations, the prior insertion of a docking site (either attP or attB) is required but inefficient ectopic recombination is also observed into sites that resemble an attachment site (72, 73) .
More recently, applications of phage integrases have taken hold in synthetic biology, specifically in metabolic pathway assembly and in memory and counting devices. The attraction of using serine integrases in DNA assembly procedures is due to the efficiency of in vitro recombination (about 80% conversion of substrate to products), and the highly directional nature of the integrases. Moreover, for joining several fragments flanked by compatible attP and attB sites, the order of the fragments can be imposed by the dinucleotides at the crossover sites (75, 76) . Colloms et al. also made use of the φC31 RDF to remove fragments of an assembled pathway and replace them with variants and this adds versatility that has not been realized in other assembly procedures.
Serine integrases have also been applied in the generation of in vivo counting modules and logic gates (77, 78) . These applications also use the RDFs to control the inversion switch of a counting module. The switches are vertically inheritable and stable over many generations until a reset signal is imposed. These modules could be incorporated into organisms that sense their environment, record information and respond accordingly in a predetermined manner.
This brief description of the applications of serine integrases provides examples of how they are deployed widely in biology (see review by Fogg et al. [72] ). Limitations are currently imposed by the few complete systems that are available for deployment, and not all of these are fully orthologous. Our understanding of the mechanisms of LSRs are also limited to only a few, especially the insights we can gain from structural information. The most immediate mechanistic questions concern how the RDFs control the formation of synaptic complexes, the nature of the proposed auto-inhibitory complexes, and how the RDFs might remodel these complexes. The CC to CC interactions are essential for an efficient intermolecular recombination reactions, but what are the contacts made between them? Are there other contacts between the CC motifs and other domains of the LSRs? Finally, how can we engineer integrases and/or their recombination sites for new and novel applications?
